This paper empirically investigates the role of banks' network centrality in the interbank market on their funding rates. Specifically we analyze transaction data from the e-MID market, the only electronic interbank market in the Euro Area and US, over the period [2006][2007][2008][2009] that encompasses the global financial crisis. We show that interbank spreads are significantly affected by both local and global measures of connectedness. The effects of network centrality increased as the financial crisis evolved. Local measures show that having more links increases borrowing costs for borrowers and reduces premia for lenders. For global network centrality, borrowers receive a significant discount if they increase their intermediation activity and become more central, while lenders pay in general a premium (i.e. receive lower rates) for centrality. This provides evidence of the 'too-interconnected-to-fail' hypothesis.
Introduction
Network positioning could affect interbank interest rates by different mechanisms. First, in line with Acemoglu et al. (2015) , dense interconnections serve as a mechanism for the propagation of shocks, leading to a more fragile financial system. As such, banks that are more connected may be perceived by the market as fragile. Second, the same banks can be perceived as 'too-interconnected-to-fail' such that rather than fragile those banks are perceived as more likely to be bailout. This is similar to the 'too-big-to-fail' effect observed in other interbank markets (see for instance ). Third, as argued by Booth et al. (2014) , financial institutions with more extensive and strategic financial networks acquire and process information more efficiently due to their better access to order flows. Fourth, as stressed by Gabrieli and Georg (2014) , banks with higher centrality within the network have better access to liquidity and are able to charge larger intermediation spreads.
Previous empirical evidence (see Angelini et al. (2011) , Gabrieli (2011 ), Gabbi (2012 , Bech and Atalay (2010) , Akram and Christophersen (2010) and Gabrieli (2012) ) suggests that being systemically more important, in term of size or connectedness, explains part of the cross-sectional variation in banks' borrowing costs before and during the 2008 global financial crisis. Our paper contributes to the recent literature that investigates the determinants of banks' borrowing costs in unsecured money markets and how network characteristics of interbank market participants affect their funding rates. In particular, we empirically study bank network centrality measures as determinants of interbank interest rates.
The centrality indicators used in the analysis are constructed from measures of distance of a bank from the other banks in the network, where distance is expressed in terms of: (1) paths of length one, i.e. the number of incoming or outgoing links, for degree centrality; (2) geodesics (shortest) paths (no vertex is visited more than once), for betweenness; (3) walks (vertices and edges can be visited/traversed multiple times) for eigenvector centrality, Pagerank, Sinkrank and Katz. We evaluate each measure in a quarterly panel data regression set-up of bank pairs, i.e. In this paper we focus on interbank lending networks on the e-MID overnight (O/N) interbank market, an electronic platform, based in Italy, that offers a fully transparent trading system with 'buy' and 'sell' proposals available on screens of the participating banks, along with the identity of the banks quoting them. Information on the terms (prices and amounts) of executed trades are available to banks in real time. Search frictions, thus, should not affect the matching process in the e-MID market. Furthermore lack of information on rates offered by alternative lenders cannot be responsible for the observed cross-sectional dispersion of O/N rates in this market.
Our results show that network measures are significant determinants of funding rates in the e-MID O/N market. Local measures show that having more links increases borrowing costs for borrowers and reduces premia for lenders. However, for global measures of network centrality borrowers receive a significant discount if they increase their intermediation activity and become more central, while lenders pay in general a premium (i.e. receive lower rates) for centrality, thus providing some evidence about the 'too-interconnected-to-fail' hypothesis. That is, banks perceived to be better inter-connected could borrow at discount rates. This effect is higher in phase II when systemic risk was the highest. Lenders do not benefit from network centrality, and as such, it could be that the market perception about their network positioning (i.e. fragility) dominates their strategic location for intermediation (as in Gabrieli and Georg, 2014) . The regression analysis also highlights that there is heterogeneity across different measures of network centrality on how they affect interbank spreads.
Our findings have implications for systemic risk assessment. Network analysis of the degree of interconnectedness in the financial system can inform policymakers on optimal bank resolutions mechanisms and how regulation can help to reduce instability. Empirical networks have been used for (deterministic) stress test exercises (see Upper (2011) for a comprehensive review). Of critical importance in macro prudential policy is the identification of key players in the financial network, which, according to the International Monetary Fund, the Bank for International Settlements and the Financial Stability Board, should be determined in terms of their size, connectedness and substitutability. Network centrality measures, developed to assess centrality in other contexts and adapted to the context of financial networks, can guide national authorities in their assessment of the systemic importance of financial and non-financial institutions. Our results show that borrowers that are more central benefit from lower funding rates. We argue that this effect could be driven by the market perception that more central banks will be bailed out if in distress, because 'too-connected-to-fail'. However, the expectation of implicit subsidies could create moral hazard and provide incentives for banks to become systemically important, exacerbating system fragility.
While we do not demonstrate in the paper that banks actively try to occupy a central position in the network by strategically forming links with each other, we do believe that monitoring how funding cost advantages evolve over time can act as an effective early warning indicator of systemic risk and provide a way to measure the effectiveness of regulatory policy to reduce the market perception that systemically important institutions will not be allowed to default.
The remainder of this article is organized as follows. Section 2 discusses previous findings in the literature and how they relate to our paper. Section 3 describes the data and variables.
Section 4 provides methodology of the empirical analysis. In Section 5, we present and discuss the results of the regression analysis. Section 6 discusses the results and concludes.
Network centrality and interbank markets
In the financial economic literature network analysis has mostly been applied to payment systems, interbank lending markets, and more recently extended to capture the mutual exposure of financial institutions to other asset classes, including derivatives contracts, in a multilayer networks framework (Bargigli et al. (2015) , Leon et al. (2014) , Molina-Borboa et al. (2015) , Aldasoro and Alves (2015) , Poledna et al. (2015) ).
A number of papers investigate the interplay between financial distress and topological characteristic of interbank networks, focusing on the network resilience to different kinds of shocks (Iori et al. (2006) , Nier et al. (2007) , Gai et al. (2011) , , Anand et al. (2012) , Lenzu and Tedeschi (2012) , Georg (2013) , Roukny et al. (2013) , Acemoglu et al. (2015) ). While some authors argue that a more interconnected architecture enhances the resilience of the system to failure of an individual bank because credit risk is shared among more creditors, others suggest that a higher density of connections may function as a destabilizing force, facilitating financial distress to spread through the banking system. The overall picture that emerges from this body of work is that the density of linkages has a non-monotonous impact on systemic stability and its effect varies with the nature of the shock, the heterogeneity of the players and the state of the economy. Thus no optimal network structure that is more resilient under all circumstances can be identified (see Chinazzi and Fagiolo (2013) for a recent survey on systemic risk and financial contagion).
The structure of interbank networks has been mapped for several countries, the topology of interbank markets has been characterized and the stylized facts and regularities have been identified. Examples include Boss et al. (2004) for the Austrian interbank market, Soramaki et al. (2007) and Bech and Atalay (2010) (iv) clustering coefficients are usually quite small; (v) interbank networks satisfy the small-world property 1 ; (vi) interbank networks have a tiering structure with a tightly connected core of money-center banks to which all other periphery banks connect.
In particular for the e-MID market, while early studies (Iori et al. (2008) ) have revealed a fairly random network at the daily scale, a non-random structure has been uncovered for longer aggregation periods. Monthly and quarterly aggregated data show that since the 1990s a high degree of bank concentration occurred (Iazzetta and Manna (2009)) , with fewer banks acting as global hubs for the whole network. The hubs tend to cluster together and a significant core-periphery structure has been observed (Finger et al. (2013) ). Hatzopoulos et al. (2015) have investigated the matching mechanism among lenders and borrowers and its evolution over time. They show that, when controlling for bank heterogeneity, the matching mechanism is fairly random. Even though matches that occur more often than those consistent with a random null model (over expressed links) exist and increase in number during the crisis, neither lenders nor borrowers systematically present several over expressed links at the same time. The picture that emerges from their study is that banks are more likely to be chosen as trading partners because they trade more often and not because they are more attractive in some dimension (such as their financial healthiness or because they charge lower rates). Fricke and Lux (2015) and Squartini et al. (2013) investigate if the topology of interbank networks, respectively for the e-MID market and the Dutch market, underwent major structural change as the subprime crisis unfolded, in an attempt to identify early-warning signals of the approaching crisis. In both markets at the onset of the crisis the dynamic evolution of the network seemed completely uninformative as the networks only display an abrupt topological change in 2008, providing a clear, but unpredictable, signature of the crisis. Nonetheless, when controlling for the banks' connectivity heterogeneity, Squartini et al. (2013) show that higher-order topological properties (such as dyadic and triadic motifs) revealed a gradual transition into the crisis, starting already in 2005. Although these results provide some evidence of early warning topological precursors, at least for the Dutch interbank market, the authors cannot explain the economic rationale for the observed patterns.
In addition to the abrupt topological change after Lehman defaults, mostly driven by precautionary liquidity hoarding, Cocco et al. (2009 ), Affinito (2012 , Brauning and Fecht (2012) and Temizsoy et al. (2015) have shown that banks relied more extensively on relationship lending during the crisis, with both lenders and borrowers benefiting from close relationship both in terms to access to liquidity and funding rates. Relationship lending thus plays a positive role for financial stability and provides a measure of the level of financial substitutability of banks in the interbank market. Furthermore these results show that interbank exposures are used as a peer-monitoring device (Rochet and Tirole (1996) ) and can help policymakers to assess market discipline. Finally, reliance on relationship lending is an indicator of trust evaporation in the banking system. Thus, monitoring how stable relations affect spreads and volumes over time may act as an early warning indicator of a financial turmoil. Bech and Atalay (2008) Similar to Gabrieli (2012) , we also study the e-MID market and implement a number of centrality measures in our analysis. The main difference with Gabrieli's paper is that, like Akram and Christophersen (2010) , she perform the analysis on daily networks while we compute centrality measures on quarterly aggregated transaction networks. This choice is motivated by the analysis of Finger et al. (2012) who show that the e-MID network appears to be random at the daily level, but contain significant non-random structure for longer aggregation periods. Daily transactions are rather random draws from the true underlying network with the realizations depending on current liquidity need. A much higher degree of structural stability is achieved for longer aggregation periods, monthly or quarterly. At the daily scale several banks act exclusively as lenders or borrowers, and liquidity flows over short paths resulting in very small values of centrality according to most measures, which is not the case at longer aggregation scales. In addition we perform the regression analysis not per bank but per pair, assessing simultaneously the role of lender and borrower centrality in a transaction.
Data and variables definition 3.1 Data
We use tick-by-tick data of the Italian e-MID from 01 January 2006 to 31 December 2009. We have detailed information about each transaction: time, volume of trade, maturity, interest rate, the side of the transaction (buy/sell), the code of the banks acting as quoter and aggressor, country of origin and size of both parties. The interest rate is expressed as annual rate and the volume of the transaction is provided in millions of Euros. The e-MID market includes contracts with maturities varying from one day to one year. We restrict our analysis to overnight (O/N) and the overnight long (ONL 2 ), which consists of more than 90% of all e-MID transactions as the interbank market is mainly a market for short-term trades. If loans with longer maturities were included in the dataset, it would be difficult to derive a representative interest rate for the market as longer term loans tend to be infrequent.
In order to construct representative measures of network centrality we use quarterly data. We also consider three sub-samples according to the evolution of the financial crisis as described in Table 1 .
Interest rate spreads
In this study, the unit of analysis is not an individual bank but a pair of banks, that is, lender and borrower, in order to control counterparty specific characteristics. We calculate the quarterly volume weighted average interbank interest rate for each bank pair ij at quarter t as
where r ij,n and V ij,n are the transaction level interest rate and volume of trade, respectively, for each pair of banks ij where i = j, N ij,t is the number of transactions for the bank pair ij at period t, andr d m is the daily volume weighted average rate over all transactions carried out by the bank pairs and calculated asr
where r ij,n and V ij,n are defined as above and N ij,d is the number of transactions for the bank pair ij at day d.
In our study we only include banks that actively participate in the interbank O/N market for all sub-periods of the financial crisis of 2007-08 in order to avoid potential selection bias in our analysis. The aim of this approach is to exclude banks that go bankrupt or drop out of the market for any reason or banks that enter the market during sixteen quarters from January 2006 through to December 2009. As a result of this data trimming for entering and exiting banks, the number 2 ONL refers to contracts when there is more than one day between two consecutive business days.
of banks during the period analyzed decreases from 200 to 140. Further details about the sample are in Temizsoy et al. (2015) . Figure 1 plots the evolution of spreads in our sample. A particular feature is the increase in dispersion during the financial crisis.
Network centrality measures
Centrality is a concept developed in sociology to assess who occupies critical positions in a network, and to identify important, or powerful, individuals. Importance can be interpreted in different ways and this leads to different definitions of centrality. The most popular centrality measures used in the financial economics literature all reflect the involvement of a node in the cohesiveness of the network but differ on how cohesiveness is measured, that is in terms of how walks between nodes are defined and counted. The measures described in this paper span from walks of length one (degree centrality) to infinite walks (eigenvector centrality). In simple structures these different measures tend to covary but in more complex and larger networks, nodes can be more important with respect to some centrality measure and less important with respect to others.
The network perspective emphasizes that power is not an individual attribute but is inherently relational. Power may arise from occupying advantageous positions in networks of relations, such as by being close to others. For our analysis we represent the market as a network consisting of nodes (banks) and a time-varying number of, weighted and directed, links between them (representing interbank loans). The direction of the links follow the flow of money (from lenders to borrowers).
Two banks can be connected by two links, one in each direction, if they both act as lenders and borrowers. Thus, network centrality directed measures provide different values of the bank's interconnectedness, focusing separately on the role of a bank as lender or as a borrower.
Nodes with more ties to other nodes have alternative ways to satisfy their needs, that is, they have greater opportunities to exchange liquidity. Choice makes these nodes less dependent on other nodes, and in this sense more powerful, such as in bargaining better rates. Thus a simple measure of a node centrality is its degree (see Appendix I for a mathematical definition of degree and other centrality measures). When links are directed, it is common to distinguish centrality based on in-degree from centrality based on out-degree. Nodes that receive many ties, i.e. high in-degree, are said to be prominent, or to have high prestige or trust. Nodes with high out-degree are said to be influential.
Degree centrality only takes into account the immediate ties that a node has. A node might be tied to a large number of others, but those others might be disconnected from the network as a whole. In a case like this, the node could be central, according to degree centrality, but only in a local neighborhood. So degree is a measure of local centrality.
Betweenness centrality, introduced by Freeman (1979) , focuses on the distance of a node to all the other nodes in the network, and in this sense is a measure of global centrality. It is based on the idea that nodes have positional advantage if they lay in between other pairs of nodes. The intuition is that nodes that are "between" other nodes will be able to translate their broker role into power. In connected graphs there is a natural distance metric between all pairs of nodes, defined by the length of their shortest paths (geodesic paths). Betweenness centrality measures the proportion of times a node fall on the shortest pathway between other pairs of nodes.
When defining betweenness, as well as other centrality measures, we consider two alternative choices of directed paths: the one that follows the flow of money lent, that is paths that go from lenders to borrowers (along outgoing links), and the one that follows the direction of repayments to be made, that is paths that go from borrowers to lenders (along incoming links). We name these two measures as OutBetweenness and InBetweenness, respectively. While Gabrieli (2012) reports that betweenness is very small and often zero in daily networks, confirming the limited extent of intermediary trading in the e-MID market at daily aggregation scale, we find that in quarterly networks, very few nodes exclusively lend or borrow (on average about 5% of the banks only lend or only borrow in a given quarter but the proportion increases up to 10% for borrower in phase III) and values of betweenness are over 10 times larger than the one reported by Gabrieli both for the directed and non-directed version of the centrality indicator.
Bonacich (1972, 1987) and Katz (1953) proposed a modification of the degree centrality based on the idea that the centrality of a node depends on the centrality of the nodes that link to it, for InCentrality, or on the centrality of the nodes it links to, for OutCentrality. Katz centrality can be interpreted as a distance between nodes measured by unrestricted walks of any length, rather than by paths or geodesics.
A popular commercialization of eigenvector centrality is Google's Pagerank algorithm (Page et al., 1999) . Unlike Katz's centrality, where a node passes all its centrality to its out-links, or inherit all the centrality from its incoming links, with Pagerank each connected neighbor gets a fraction of the source node's centrality. Pagerank can be interpreted as the fraction of time that a random walk(er) will spend at a node over an infinite time horizon.
Two recently-developed centrality measures are Acemoglu et al. (2015) harmonic distance and Soramaki (2013) Sinkrank. Acemoglu et al. (2015, p.588) show that the harmonic distance from bank i to j is equal to the mean hitting time of the Markov chain from state i to state j. Local and global centrality measures can be generalized to weighted measures by replacing the adjacency matrix with the weights matrix. In the empirical analysis we consider both the unweighted and weighted versions of the centrality measures described above (see Appendix I for the mathematical definitions of all these measures). In all cases centrality is a directed measure. Tables 2 and 3 show the summary statistics for the network centrality variables used in the regression models below. Global centrality measures tend to correlate with local centrality measures as, by construction, high degree can lead to high centrality. To quantify the importance of this effect, we regress the nodes' global InCentrality (OutCentrality) versus their Indegre (Outdegree) and plot the coefficients of the pooled OLS regressions, for each quarter separately, in Figure 5 . The plots show interesting dynamics: while correlations decrease over time for Pagerank, they have a non-monotonous behavior for betweenness. We do not explore in this paper what consequences such dynamic change may have in terms of the banking system stability, but we do control for these correlations when assessing the effect of global centrality on interbank spreads.
Other control variables
In our analysis, in addition to centrality measures, we also control for other variables that may affect interest rate spreads.
The identity of the banks trading in the e-MID is unknown to us and replaced by a unique identifier in our dataset. This makes it impossible to match e-MID trading data with balance sheet or other banks' specific data. Other studies (see Angelini et al., 2011) Another key determinant of O/N rates is the time of a transaction. While Angelini (2000) using hourly e-MID data shows no intraday pattern of interest rates, Baglioni and Monticini (2008) and Gabbi et al. (2012) find a decreasing trend in the O/N rate as the trading day progresses.
The intraday slope becomes more pronounced with the financial crisis and, in particular, after the Lehman Brothers collapse. The intraday term structure of interest rate is due to the maturity of O/N deposits which are expected to be reimbursed at 9 am of the day following the trade. The increase in the slope of the yield curve after the default of Lehman apparently creates a risk-free profit opportunity. Baglioni and Monticini (2008) suggest that this opportunity is not arbitraged away for two main reasons: uncertainty about availability of liquidity late in the afternoon and an increase in the implicit cost of collaterals. Similar to Baglioni and Monticini (2008) , we also examine the effect of the time interval of the transaction performed. Instead of dividing the day into hourly segments, we use only two slots: morning (8 am -1 pm) and afternoon (1 pm -6 pm). Morning-Afternoon (AM/PM Ratio) is the fraction of the difference between number of transactions that occur during morning and afternoon to all transaction of each pair at a given period. In the interbank market, participants must repay the loans by 9 am the next trading day of the transaction. Hence, morning interest rates have a premium to account for the longer maturity period than those transactions in the afternoon.
While the e-MID market is not affected by search frictions and lack of transparency, trading in the electronic segment of the interbank market is affected by its own specific micro-structure features. Gabbi et al. (2012) and Temizsoy et al. (2015) have shown that due to a bid-ask spread effect, better rates are obtained, both by lenders and borrowers, when they act as quoters rather than as aggressors. A credit institution that first comes to the market with a proposal to lend or borrow is called quoter, while the bank that picks a quote and exercises a proposal is called aggressor. Aggressors, by choosing their counterparts, may have more power than quoters in a pair relationship. Thus we control for variations in rates that are explained by the bid-ask spread effect by separately studying quoters and aggressors. Then we control for the ratio of the difference between number of transactions of a pair that occurs when lender is a quoter and when a lender is aggressor, divided by all transactions of the pair at a given quarter (Quot/Agg Ratio).
Econometric model
In order to investigate the effect of network characteristics on the interbank market we consider the following econometric model. Let
where i, j denotes bank pairs (bank i lends to j), t indexes time, S ij,t is the spread, A ij,t , B i,t and C j,t represent pair, lender, and borrower related variables, respectively, µ ij is the pair-specific effect, δ t a time-specific effect, and e ij,t is the unobserved residual. We estimate the model above using fixed-effects (FE) at bank pair level and time dummies. We also compute robust standard errors clustered at the bank pair level which allows us to control for the time-varying bank heterogeneity. We run the same model for three time spans, phase I, phase II, phase III of the latest financial turmoil, and for all pooled periods.
All analyses are done conditional on bank pair ij FE, and therefore, the effect of the variables should be interpreted as conditional on the existence of that particular link i → j. We cannot claim that network characteristics cause spreads. Feedback effects between network positioning and prices are possible, with network characteristics leading to better prices and more favorable prices reinforcing network effects. This feedback loop makes it difficult to establish the causality of the effect. Temizsoy et al. (2015) shows that such feedback effects are small. Spreads do not determine survival of a bank pair into the following months once relationship indexes are controlled for, while relationship lending has an effect on spreads. Previous studies (see Hatzopoulos et al., 2015) have also shown that, when controlling for banks heterogeneity in trading activity, the matching process in the e-MID market is fairly random. This suggests that links are not preferentially formed with banks that offer lower rates or that are more trustworthy. Rather banks appear to be more likely to selected as trading partners because they trade more often. This points to a causal effect of relationship on prices rather than the other way around. In this paper we do not model the entry and exit decisions of banks and their matching patterns. What we show is that network variables, once formed, possibly at random, persists and are important for explaining prices and can play an important role also within a transparent market such as the e-MID.
Network variables are introduced one at a time in different specifications, together for both lender and borrower. The reason is that while they are intended to describe different features of the network they are highly correlated with each other. For global measures, we consider all specifications controlling for the local network counterparts (local unweighted centrality in all cases) because local and global measures are correlated (see Figure 5 ). Network variables are considered in logarithm form, and as such, regression coefficients should be interpreted as the effect of doubling network centrality on spreads, in basis points. Finally, we report a set of regressions using unweighted and another using weighted measures of centrality.
For each centrality measure we consider two specifications. First, we include the in and out measures for both lenders and borrowers. Second, we add to the previous model the interactions in × out separately for both lenders and borrowers. In this case we only report the coefficients of the interaction and omit the coefficients of the free standing variables.
All specifications include a set of baseline covariates given by Transaction Ratio (%), AM/PM Ratio, Quot/Agg Ratio, Reciprocity Ratio, O/N Trading Amount of Lender, O/N Trading Amount of Borrower, described in Section 3.4. The inclusion of these covariates is to isolate the effect of network characteristics on transaction spreads from bank-and pair-specific variables that contribute to spreads (see Temizsoy et al. (2015) for a description of the effect of these variables on spreads).
Results

Local network measures
As a first approximation to the effect of network centrality on the interbank market we evaluate the effect of local centrality measures (in logs) on spreads. Table 4 shows the effect of degree centrality on interbank spreads. The model present a specification with lenders (L) and borrowers (B), indegree and outdegree. The results show that B with high indegree pay higher spreads, and this effect increases in magnitude as the financial crisis evolves. The pooled effect determines that doubling borrowing links (i.e. increasing the logarithm of the indegree centrality measure by 1 unit) increases interest rate by 1.437 basis points in all pooled periods, which corresponds to 0.653, 0.929, and 3.849 in phases I, II and III, respectively, for the unweighted measures. Results for the weighted measures are smaller but have the same sign and statistical significance. That is, B pay a premium to be able to get more partners in the interbank network, and this increases when systemic risk increases. We might thus speculate that financial uncertainty directs banks towards looking for better connections within the established network structure and they paid a premium for the number of links.
L have no clear pattern regarding outdegree network centrality measures. L outdegree has a non-significant effect for all pooled periods, positive for phases I and II, and negative (although not significant) for phase III. This shows that L were able to obtain better rates for having more links within the network before Lehman's collapse, but the effect reverses after it. L thus pay a price for diversification when systemic risk increases. Possibly this suggests that in the presence of systemic risks, banks diversify their transactions, and incur in worse interest rates. Diversification may in turn increase uncertainty as well established information flows with a few partners are reduced (see Temizsoy et al., 2015) .
The results show that L (B) who engage in a well-connected borrowing (lending) activity benefit by obtaining better rates. Overall this suggests that network effects depend on the joint lending and borrowing activities of the banks. In order to explore this further we add the interaction terms indegree by outdegree, separately for L and B, to the previous specification (as stated above we only report the regression coefficients of the interactions). Considering all pooled periods, L obtain higher rates and B lower rates when they engage in both lending and borrowing activities.
The same effects appear in phase I, although they are not present in phases II and III.
Two potential situations should be mentioned for systemic risk. The first case corresponds to banks who lend to few counterparties (small outdegree of L) that in turn borrow from many (large indegree of B). L in this case are highly exposed to the B (as L do not diversify) and if these B default they may spread the distress to several L. Note that while the proportion of L with few counterparties increased, B had less and less counterparties. This indicates that this case has not been observed in our sample. The second case corresponds to banks who lend to many counterparties (large outdegree of L) who in turn borrow from few banks (small indegree of B).
If such lender exits the market or default they may generate a liquidity crisis as their borrowers may find it difficult to satisfy their liquidity needs unless they create new links in the market, i.e. substitutability. The e-MID interbank market seems to be very prone to this second kind of systemic risk, provided that the overall outdegree of B reduces while there appear to be some L that attract many links to themselves.
Global network measures
Global network measures show the positioning of a bank and its relationship to the interbank system. In contrast to local measures, these variables tend to identify if the bank is located in a particular position with a particular flow of money going through it.
For all the centrality measures considered, the in version capture the importance of a bank as a borrower and the out version captures the importance of a bank as a lender. If we are interested in systemic risk it is the InCentrality version of the centrality measures that is more relevant. B are likely to be systemically more important if their L are also systemically important B as in this case distress can propagate farther through the network. On the contrary banks characterized by a high OutCentrality are likely to be important liquidity providers as, by lending to other central L, they can contribute more effectively to the overall liquidity of the market.
Our choice of weights for weighted centrality measures captures the relative importance of a borrower for a lender, for InCentrality, and of a lender for a borrower, for OutCentrality.
The reason is that InCentrality is transmitted via lending and OutCentrality is transmitted via borrowing. This is because if a lender is also a potentially systemic borrower (as measured by its high InCentrality), its main B, by defaulting, may trigger this lender default and, as such, become systemically important themselves (inheriting a larger proportion of their lender InCentrality).
Similarly if a borrower is also a central lender (as measured by its high OutCentrality), its own main L become important liquidity providers themselves (inheriting a larger proportion of their borrower OutCentrality).
Consider first the effect of betweenness in Table 5 . Recall that betweenness measures a bank's access to the interbank liquidity. For the unweighted measures, when all pooled periods are considered, InBetwenness has a negative effect for both L and B, and OutBetweenness has a positive significant effect for B. Weighted measures have in general the same sign but with less statistical significance. Calculations for betweenness with weighted paths result in unstable measures, and we believe this is the cause of the lack of statistical significance in our regression models, and we prefer the unweighted measures. For B, the effects increase in absolute value as the financial crisis evolves (i.e. the largest effect is in phase III). For L, the largest effect appear in phase III, where InBetweenness has a large negative effect while OutBetweenness is positive and significant (significant only for unweighted). When both in and out measures are interacted B obtain a negative effect, which is significant for all pooled periods and for phase II. The fact that L coefficients are not significant suggests that the effect is not driven by market power, as otherwise both L and B would benefit from it, but by a 'too-interconnected-to-fail' perception of the B that benefit of lower spreads because the market participants believe highly connected borrowers will be bailout in case of default to avoid systemic effects. Then network interconnectedness were perceived as an asset for B during the crisis (i.e. phase II), and this vanishes after Lehman's collapse.
Eigenvector type centrality measures how well connected the nodes to which that bank is connected to. It does not only measure how a bank is connected to the network, but it also indicates connectedness of its neighbors. Three different measures are used in the regression models (see the definitions in Appendix I): Pagerank, Sinkrank and Katz, in Tables 6, 7 and 8, respectively. For each pair of banks and a particular direction, we can consider the in and out centrality of both L and B in different specifications. Moreover, we construct both unweighted and weighted centrality measures.
The eigenvector network variables have similar and consistent effects across measures. They show that for all pooled periods L receive lower rates for higher out-centrality (doubling out-centrality reduces spreads by 0.65 basis points for Pagerank and Sinkrank) while B pay higher rates for higher in-centrality (doubling in-centrality increases funding rates by 0.9 basis points for Pagerank and Sinkrank). These effects increase in absolute value across the financial crisis, with the pooled effect driven by phase III for B (where the effect increases up to 3 basis points) and by phase II or III for L. Katz centrality measures show much larger effects on the same direction.
The opposite edge measures, i.e. out for B and in for L, have an overall non-statistically significant effect. The exception is the out-centrality measures for B that appear with a positive and significant effect in phase III. That is, B who have a high global centrality in lending obtain lower rates for their borrowing. In order to explore this further, we consider the in-and out-centrality interaction. B obtain a significant discount on their funding rates, suggesting that B receive better (i.e. lower) rates when engage in both lending and borrowing. L, however, have a non-statistically significant effect for all pooled periods. The largest interaction effects appear in phase II for B, and in phase III for L, the latter with a negative effect.
Robustness analysis I: Instrumental variables
As argued above the regression model may not be able to capture the causal effect of centrality on rates but rather the correlation between these two provided that feedback effects cannot be ruled out. A particular concern is that banks self-select partners according to unobservable characteristics, not captured by individual effects (i.e. pair intrinsic characteristics) or the rich set of observables described in Section 3.4 (including volume transaction of both L and B). As argued by an anonymous referee this is a potential problem if network characteristics are considered as credit risk indicators, a point that we emphasize in this paper.
In order to solve this endogeneity problem we implement an instrumental variables (IV) strategy for each specification. In particular, we use centrality in t − 1 as instrument for centrality in t. If we assume that the error term is conditionally serially uncorrelated, lagged centrality measures will be uncorrelated with error terms in t. Moreover, bank centrality is a persistent measure across time (first-stage results are available from the Authors upon request). Since all our centrality measures are potentially endogenous, we use one-period lagged values of all centrality measures as instruments for all of them. The model with interaction terms also requires to instrument the interactions, and for that we include the corresponding lagged interactions as additional instruments. The IV estimators are thus exactly identified.
The IV results appear Tables 9-13 for each centrality measure (unweighted and weighted). The results partially confirms the results discussed above.
For local centrality (see Table 9 ) the IV method reduces statistical significance. This could indicate that degree centrality is correlated with the unobserved balance sheet. An interesting result is that while in-B centrality has a negative effect before the financial crisis (phase I), pointing out that borrowers with more links obtained lower rates, this becomes positive in phase III. The interaction of in and out for B also confirms that they obtain lower rates if they simultaneously engage in lending and borrowing with many partners.
For global centrality (see Tables 10-13 ), in general, the results corresponding to all pooled periods have a similar sign and magnitude of those of the regression models without instrumenting, although many coefficients are not robust. Of particular stability across specifications are the coefficients of out-L, confirming that lenders pay a premium for centrality. Moreover, the negative value is also large and significant for phase III. The other results that stand out are the positive effects of in-B in phase III (Sinkrank and Katz), which highlights the higher interest rates B paid after the crisis.
Robustness analysis II: Bank-specific time-varying fixed-effects
Following an anonymous referee suggestion, we implement an alternative FE model with the intention of evaluating the potential effect of bank-specific time-varying latent causes of both centrality and spreads. Because our network centrality measures are bank and quarter specific we cannot simultaneously include centrality it or jt measures and it and jt FE. However, as a robustness check, we use jt B specific network centrality measures together with it L FE (Table   14) , and it L specific network centrality measures together with jt B FE (Table 15) . The results are similar in terms of magnitude and statistical significance to the baseline results (Tables 8-8) for B centrality (controlling for L×quarter FE) and L centrality (controlling for B×quarter FE)
when we study the effect of global centrality measures (Pagerank, Sinkrank and Katz) but there are differences in significance levels for local (i.e. degree) and betweenness measures. Overall, however, the baseline models regression coefficients show that centrality measures are robust to counterparty specific time-varying shocks.
Discussion and concluding remarks
Local and global measures of centrality are used to identify different features of how the network characteristics affect the interbank market funding rates. Local measures show that having more links increases borrowing costs for borrowers and reduces premia for lenders. We interpret this effect as a premium paid by lenders to diversify counterparty risk, and by borrowers to reduce funding risk. Our constructed global eigenvector-based measures of centrality are in general in line with the local measures of centrality when looked at in isolation. That is, for banks being central is a cost. Note that, in general, the highest effect in absolute value corresponds to either phases II or III. In fact, the coefficient sign for all pooled periods is either dominated by that of phase II or phase III. The higher spreads paid by both lenders and borrowers with high in-centrality measures suggests the market associates InEigenvector centrality with higher credit risk.
To disentangle the role of local factors (degree) on global centrality measures in the analysis, we control for local degree in our global centrality regressions. The fact that global effects remain statistically significant after controlling for the local network effects suggests that overall global and local network effects operate on a different level in the e-MID market.
A node is important from a global network perspective if it is pointed by, or points to, other important nodes. In our case, borrowers are important if their lenders are important borrowers as well, as this configuration is more likely to propagate distress further through the network and generate systemic risk. In turn lenders are important if there borrowers are also important lender as this configuration allows a more effective redistribution of liquidity through the network.
Eigenvector-based centrality measures may be dominated by the degree of the nodes as, by construction, high indegree produces high in-eigenvector centrality. In-eigenvector centrality can be large for banks that are liquidity sinks, that is, banks that borrow from many (and borrow a lot), but that are rather peripherical to the network and as such do not spread distress beyond their direct creditors. A visual inspection of local vs. global measures indeed confirms this fact, that is, there is a high correlation between local and global measures, but several banks stand out as being characterized by high centrality and low degree. These are the banks that inherits their centrality from their lenders and are the potential spreader of systemic risk.
Betweenness, on the other hand, is high, and different from zero, for banks that both lend and borrow, and it increases as the intermediation role of banks increase. This measure is thus probably large for the banks in the core and small for those in the periphery. The negative coefficient for InBetweenness for both lenders and borrowers suggest the market participants perceive borrowers who are central according to this measure as too connected to fail, likely to be bailout in case of default to avoid systemic effects, and as such offer them a discount. The betweenness regression results, however, are not robust across specifications, while eigenvector measures show similar results for unweighted and weighted. We thus prefer eigenvector-based measures.
This interpretation is confirmed by the negative coefficient observed for borrowers when the in and out Pagerank and Sinkrank centrality measures are interacted, indicating again that large borrowers that are central in both directions obtain lower funding rates. However, lenders do not benefit from high betweenness or the joint in and out global network centrality. The fact that only borrowers, and not lenders, benefit from joint centrality point to a 'too-interconnected-to-fail' hypothesis rather to a broker or intermediation effect. As such, these borrowers get better deals for funding in the interbank markets, and this is probably due to the market perception of their network positioning. This effect is the largest in phase II, when banks became affected and/or aware of systemic risk. For lenders, the market perception about their network positioning (i.e. fragility) dominates their strategic location for intermediation (as in Gabrieli and Georg, 2014) .
From a policy perspective monitoring how funding cost advantages, associated to the perceived systemically importance of financial institutions, can be an important tool to assess the effectiveness of the regulatory reforms. Banks perceived as more likely to receive taxpayer support may benefit from lower funding costs. This implicit subsidy this can create moral hazard and provide an incentive to take on additional risk, exacerbating system fragility. Regulators thus have the objective to eliminate the perception that some financial institutions are too big to fail or, in our case, 'too-interconnected-to-fail'. Monitoring how funding cost advantages evolve over time may provide a way to measure the effectiveness on regulatory policy to reduce systemic risk on one side and act as an early warning indicator of systemic risk on the other.
Favorable rates obtained by more central banks do not necessarily reflect lower credit risk owing to any implicit government guarantee against default. It could also reflect higher bargaining power and/or lower credit risk through more diversified portfolios. Disentangling these effects is difficult in the case of OTC markets where market participants actively search for counterparties. When counterparties meet, they negotiate terms privately, often ignoring prices available from other potential counterparties and with limited knowledge about trades recently negotiated elsewhere in the market. Thus better connected banks may have better access to liquidity and benefit from better rates in compensation of their intermediation role. But the e-MID is a fully transparent trading platform. There is little scope for intermediation in this market. Search frictions and lack of information on rates offered by alternative lenders cannot be responsible for the observed cross-sectional dispersion of O/N rates in this market.
Nonetheless our analysis does not allow to identify why centrality affects banks terms of trade in a financial network. Some banks probably choose to create more local links or have to because they cannot satisfy their needs trading with fewer counterparties. Some may choose to act as intermediaries. While in a fixed network one can expect centrality to deliver positive effects to both lenders and borrowers, either because information or market power effects, in the case of endogenous and dynamic networks this is less obvious. The theoretical literature does not help us in this respect. While several theoretical papers have analyzed how the incentives of single agents to form linkages affect the resulting network topology ( Goyal and Vega-Redondo (2007) , Babus (2015a Babus ( ,2015b , van der Leij and Kovarik (2012)) leading in some cases to a core-periphery structure (in 't Veld et al. (2014), Lux and Farboodi (2013)), they do not provide any insights on the benefit of centrality in terms of prices. Our empirical results thus indicate that further theoretical work should be done to explore this issue.
Appendix I: Mathematical definition of centrality measures
Let A be an adjacency matrix where a ij = 1 if bank i lends to bank j (in a given quarter), and 0 otherwise. We denote as A T the transpose of the adjacency matrix. We use A to compute the out-centrality measures and A T to compute the in-centrality measures.
Let W in be a weighted&directed network whose elements are
where V ij represents the value of the loans made by bank i to bank j (over a quarter) and V l i is the total volume lent by bank i (over the same quarter).
Let W out be a weighted&directed network whose elements are
where V ij again represents the value of the loans made by bank i to bank j (over a quarter) and V b j is the total volume borrowed by bank j (over the same quarter).
We will use A T and A for unweighted in-centrality and out-centrality measures, and W in and W out for weighted in-centrality and out-centrality measures. Our choice of weights for weighted centrality measures captures the relative importance of a borrower for a lender, for InCentrality, and of a lender for a borrower, for OutCentrality.
Indegree and Outdegree centrality are defined as
where A is the adjacency matrix and n is the number of nodes in the network.
Betweenness centrality is computed, for each node, by adding up the proportion of times a node fall on the shortest (geodesic) pathway between other pairs of nodes and is normalized by expressing it as a percentage of the maximum possible betweenness that a node could have:
,
where σ in(out) (i, j) is the number of shortest in (out) paths from node i to j and σ in(out) (i, j|k) is the number of such in (out) paths passing through the bank k. The definition of weighted betweenness is analogous but the length of each link in a path is given by the inverse of the link's weight. We find however that weighted betweenness is not a stable measure, and this could explain the lack of statistical significance in the rgression models.
Eigenvector centralities are based on the idea that the centrality of a node depends on the centrality of the nodes that link to it, InEigenvector centrality, or on the centrality of the nodes it links to, OutEigenvector centrality. According to the original definition, Eigenvector centralities are given by
where InEigenvector and OutEigenvector are vectors of centrality scores 4 . In matrix form, this can be expressed as InEigenvector = A T InEigenvector, OutEigenvector = A OutEigenvector.
Thus the centralities are given by the elements of the eigenvector of A or A T corresponding to an eigenvalue of 1, which in general has no non-zero solution. One way to make the equations solvable is to normalize the rows (columns) so that each adds up to 1 and A and A T become a stochastic matrix.
The definitions of the weighted eigenvector centrality measures, given our choice of weights, are
wOutEigenvector(j).
In matrix form, this can be expressed as
An alternative definition, first suggested by Bonacich (1972) , is to assume that each individual's status is proportional (not necessarily equal) to the weighted sum of the individuals to whom she is connected, in which case the equation can be rewritten as
so that the centrality measure is given by the eigenvector associated to the largest eigenvalue of A T . If the graph is strongly connected the Perron-Frobenius theorem guarantees that there is unique and positive eigenvector.
The volume weighted version of Bonacich is defined as
wInBonacich(j),
A practical problem with eigenvector centrality is that it works well only if the graph is (strongly) connected, i.e. if each node is reachable from every other node in the network. Real undirected networks typically have a large connected component. However, real directed networks do not. If a directed network is not strongly connected, only vertices that are in strongly connected components or in the out-component and in-component of the strongly connected components can have non-zero eigenvector centrality. This happens because nodes with no incoming edges have, by definition, a null InEigenvector centrality score, and so have nodes that are pointed to only by nodes with a null InEigenvector centrality score (and the analogous for the OutEigenvector centrality).
Thus when a node is in a directed acyclic graph, centrality becomes zero, even though the node can have many edges connected to it. A way to work around this problem is to give each node a small amount of centrality for free, regardless of the position of the vertex in the network. It can be shown that the approach above is equivalent to a measure proposed by Katz (1953) who suggested that influence could be measured by a weighted sum of all the powers of the adjacency matrix A (or A T ). Powers of A (or A T ) provide the number of directed walks of length given by that power. As a result, eigenvector centrality can be interpreted as a distance between nodes measured by unrestricted walks of any length, rather than by paths or geodesics. Giving higher powers of A less weight, via an attenuation factor α, would index the attenuation of influence through longer paths. The infinite sum over all paths converges, so for example InKatz = (I − αA T ) −1 · 1 as long as the attenuation factor α < 1/λ 1 , where λ 1 is the maximum value of an eigenvalue of A T . Given this convergence Katz centrality can be expressed as
with β = 1.The volume weighted version of Katz is defined as
Katz centrality is the eigenvector centrality we use in our regressions.
A popular commercialization of eigenvector centrality is Google's Pagerank algorithm (Page et al., 1999) , which also can be computed for asymmetric networks. Unlike Katz's centrality, where a node passes all its centrality to its out-links, or inherit all the centrality from its incoming links, with PageRank each connected neighbor gets a fraction of the source node's centrality
where β the damping factor (that is the parting of Pagerank that is transferred by a node). For β = 1 Pagerank converges to eigenvector centrality (normally β = 0.85 is used). P agerank can be reformulated in matrix format as InP agerank(j) = (I − βA T D −1 ) −1 · δ1 where D is a diagonal matrix of out-degrees and δ = (1 − β)/n. As a result of Markov theory, it can be shown that Pagerank is the steady state probability distribution of a random walk with a restart probability δ. Thus PageRank can be interpreted as the fraction of time that a random walk(er) will spend at a node over an infinite time horizon. The restart probability allows the random process out of dead-ends (dangling nodes). Pagerank (as well as Sinkrank below) can be generalized to weighted networks by replacing the adjacency matrix with the weights matrix and the nodes' degrees with their strengths. The weighted versions of Pagerank are defined as
wOutP agerank(j).
Two recently-developed centrality measures are Acemoglu et al. (2015) harmonic distance and Soramaki (2013) Sinkrank.
The harmonic distance from bank i to bank j is defined as
where y ik represents the value of the loans borrowed by bank k from bank i and y i all loans given by bank i. The centrality of the node can then be measured by the increase of the sum of the harmonic distance of a node from all other nodes in the network 5 . Acemoglu et al. (2015) shows that the matrix Q, whose elements are q ij = y ij /y i , is a stochastic matrix and hence can be interpreted as the transition probability matrix of a Markov chain. For this Markov chain, one can define the mean hitting time from i to j as the expected number of time steps it takes the chain to hit state j conditional on starting from state i. Acemoglu et al. (2015, p.588) show that the harmonic distance from bank i to j is equal to the mean hitting time of the Markov chain from state i to state j. Acemoglu et al. (2015) argues that "various off-the-shelf (and popular) measures of network centrality (such as eigenvector or Bonacich centralities) may not be the right notions for identifying systemically important financial institutions. Rather, if the interbank interactions exhibit non-linearities similar to those induced by the presence of unsecured debt contracts, then it is the bank closest to all others according to our harmonic distance measure that may be 'too-interconnected-to-fail.' " (pp. 566-567) Similar to Acemoglu et al. (2015) measure Soramaki's Sinkrank is based on absorbing Markov chains. SinkRank is defined as Sinkrank = n − m i j q ij where m is the number of absorbing states and n − m the number of non-absorbing states and q ij the element of the matrix Q = (I − S) −1 and S is the matrix of transition probability for non-absorbing states. S is defined in terms of the A matrix for the unweighted measures and in terms of the W in and W out matrices for the weighted measure. Q is a matrix whose elements give the number of times, starting in state i a process is expected to visit state j before absorption, that is the total number of visits a process is expected to make to all the non-absorbing states. Sink distance can only be calculated when a directed path exists between the absorbing node and the non-absorbing node being considered, thus it is most useful as a centrality metric for networks that are strongly connected. It can be generalized to networks that are not strongly connected by adding a small constant to the zero elements of the transition matrix, equivalent to the random jump probability used in the PageRank algorithm, in which case the transition probabilities become p ij = β s ij j s ij + 1−β n . We compute both the in and out versions of the Sinkrank centrality, where, as for the other centrality measures, the in version is obtained from the transpose of the connectivity matrix, and is also known as Sourcerank. While Sinkrank identify liquidity sinks, Sourcerank identifies liquidity providers. Note: Bold data points reflect coefficients significant at 10% significance level. All global and degree measures are in logarithmic form. 
